We propose a method to cool atoms on a ring by combining an atom diode -a laser valve for one-way atomic motion which induces robust internal state excitation-and a trap. We demonstrate numerically that the atom is efficiently slowed down at each diode crossing, and it is finally trapped when its velocity is below the trap threshold.
In this paper, we assume for simplicity tight lateral confinement so that motion along the ring is effectively one dimensional or, more exactly, circular with a length l. An atom diode followed by a trap are put on the ring (see Fig. 1a ). The initial state of ground-state atoms will have some velocity and position width, but the anti-clockwise moving atoms will be reflected by the diode -which can be crossed only in the direction of the arrow-so all atoms will eventually approach the diode clockwise. After each crossing of the diode, the atom, which is now excited, is forced to emit a spontaneous photon (quenched), and ends up at the bottom of the trap; the atom has to loose kinetic energy to escape from the trap, so it is slowed down at every crossing until being finally trapped when its velocity is below the trap threshold. The process is reminiscent of Sysiphus cooling [24] , a difference being that both the transfer from ground to excited state in the diode and the quenched decay are highly controlled, robust and efficient processes.
Before looking at the quantum-mechanical description, we will examine a simple classical model to estimate the time scales and the cooling efficiency for different recoil velocities. In this classical toy model, the diode and the trap are reduced to a point at position x D , and the initial particle positions and momenta are distributed according to Gaussian probability distributions corresponding to the initial quantum distributions
. In each classical trajectory a random recoil kick is imparted at the diode clockwise passage, as in the quantum jump calculation done below. The trajectory is "trapped" (and eliminated from the ensemble) when the velocity becomes smaller than the threshold imposed by the trap depth; otherwise a fixed amount of kinetic energy corresponding to the well depth T is subtracted and the motion continues. The results for the trapping probability are shown in Fig. 2a . Random recoil affects the result in two ways: higher recoil velocities accelerate a rapid initial trapping, but slightly increase the time necessary for cooling and trapping the complete ensemble. The number of diode crossings before the atom is trapped for an initial velocity v > 0 and no recoil is given by the smallest integer n fulfilling v − nv T < v T . The time until this particle has been trapped is given by the time to reach the diode the first crossing, t 0 = −(x 0 − x D )/v plus the total time for the n rounds, t n = l n j=1 (v − jv T ) −1 . For the parameters of Fig. 2a and v = v 0 we get n = 2 and t 0 + t n ≈ 41 ms. Now we switch to the quantum mechanical description. The scheme of the diode used here can be seen in Fig.  1b and c and it has been explained before [2, 3, 4, 6] . In brief, there are three, partially overlapping laser regions: two of them are state-selective mirrors blocking the excited (level 2) and ground (level 1) state on the left and right, respectively of a central pumping region on resonance with the atomic transition. If the atom is traveling from the right and the velocity is not too high, it is reflected by the state-selective mirror potential W 1h /2. If the atom is traveling from the left in the ground state then it will be pumped to the second level adiabatically (so that the process is robust and independent of velocity in a broad velocity interval) and then pass the potential W 1h /2. Note that this setting, see Fig. 1b , can be realized by a detuned STIRAP transfer [3] with just two overlapping lasers. To avoid backwards motion after the atom has crossed the diode we assume a third level which decays to the ground state with a decay rate γ 3 and we add a quenching laser coupling levels 2 and 3 with a Rabi frequency Ω Q , see Fig. 1b . A novelty with respect to previous diode models is the addition of a ground state well overlapping partially with the quenching laser region. The effect of this well is twofold: it subtracts kinetic energy from the ground state atoms trying to escape from it, and it also traps eventually the cooled atoms. The corresponding Hamiltonian using |1 = (1, 0, 0)
T , |2 = (0, 1, 0) T , and |3 = (0, 0, 1) T , where T means "transpose", may now be written as
where p x is the momentum operator, and Ω P (x) is the Rabi frequency for the resonant transition. All potentials are chosen as Gaussian functions according to the caption of Fig. 1 . The "velocity depth" of the trap used is v T := h m Ŵ T ≈ 1.8 cm/s, and it corresponds to the trap depth used in the classical simulation.
We examine the time evolution by means of a one-dimensional master equation,
where v rec is the recoil velocity and x is the position operator. The initial condition is taken as a pure state ρ(0) = |Ψ 0 Ψ 0 |, namely a Gaussian wave packet (see the caption of Fig. 2 ).
The master equation (1) is solved by using the quantum jump approach [27] . A basic step is to solve a timedependent Schrödinger equation with an effective Hamiltonian H ef f = H − ih 2 γ 3 |3 3|. For large γ 3 (see [26] ), Therefore, the three-level Schrödinger equation can be approximated by a two-level one with the effective Hamiltonian
where
. The second element of the approach is the resetting operation at each jump, exp i is chosen with the probability density
2 ), all other amplitudes are set to zero, and the wave function is normalized. Because of Eq. (2), this can also be done in the two-level approximation, −i W Q (x) exp i mvrec h ux 2|Ψ(t) −→ 1|Ψ(t) , then the second level is set to zero and the wave function is normalized.
We start by looking at the case with negligible recoil velocity, i.e.
with v rec = 0. We calculate the trapping probability in coordinate space, P T,x = xmax xmin dx x|ρ 11 |x , and in velocity space, P T,v = vT −vT dv v|ρ 11 |v . The results are shown in Fig. 2b /c (thick green dotted line) averaging over N = 200 trajectories; a numerical error defined by the difference of the result between averaging over N and N/2 trajectories is also plotted in Fig. 2b /c. The parameters used for the atom diode with v rec = 0 result in a range for perfect "diodic" behavior −11 cm/s < v < 11 cm/s (defined as in [3] ). Fig. 3 shows the evolution of the probability density in velocity space, p(v) = v|(ρ 11 + ρ 22 )|v , and in coordinate space, p(x) = x|(ρ 11 + ρ 22 )|x . The final probability densities can be seen in more detail in Fig. 4 (thick, dashed, green line) . In this figure we may verify the occurrence of cooling and phase space compression, namely, a narrower distribution both in coordinate and velocity space. The final trapping probabilities are Let us now examine the case with recoil velocity v vec = 3.5 cm/s > v T . Because the average value of the recoil velocities is still zero, the cooling method will still work except for a small fraction of atoms which may acquire by successive random recoils velocities above the breakup threshold of the diode. (The parameters used for the atom diode with v rec = 3.5 cm/s result in a working range −17.5 cm/s < v < 22 cm/s.) The trapping probability versus time shown in Fig. 2b (solid, red line) shows anyway a high final trapping probability. The final probability densities are shown in Fig. 4 (solid, red line). The main peak is comparable with the main peak without recoil, i.e. the velocity width of the main peak is smaller than the recoil velocity. We have finally P T,x = 0.9544 ± 0.0003 and P T,v = 0.9654 ± 0.0017.
In summary, we have proposed and numerically demonstrated a method to cool atoms on a ring, even below recoil velocity, after repeated passages across an atom diode combined with a ground state trap.
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